ABSTRACT: Intracellular transport and secretion of salivary proteins are major activities of salivary acinar cells. While the major intracellular pathway followed by salivary proteins following their synthesis has been described previously, there is only limited understanding of how this process is regulated at the molecular level. Studies of salivary proteins, especially prolinerich proteins, expressed in an endocrine cell line have begun to provide insight regarding intermolecular interactions during transport and the role played by structural signals during intracellular sorting. Analysis of the secretion of newly synthesized salivary proteins in parotid tissue has shown that there are multiple pathways of discharge from acinar cells. While granule exocytosis is the major pathway, at least two other pathways that export salivary proteins have been found to originate from maturing secretion granules. These pathways may contribute to other acinar cell functions, including secretion of proteins in the absence of acute stimulation and support of the secretory process for fluid and electrolytes.
Introduction
As accessory exocrine glands of the digestive tract, the salivary glands supply a variety of proteins and fluid and electrolytes that play key roles in maintaining the environment of the oral cavity and in facilitating the onset of the digestive process. These functions include controlling the microbial flora, maintaining the unique mineralized surfaces of teeth, hydrating the extensive epithelial-free surface, and lubricating and initiating digestion of ingested foodstuffs to facilitate passage through the digestive tract. The components of saliva are mainly produced by acinar cells and are conveyed to the oral cavity by a cell-lined duct system where the fluid and electrolyte components are subject to secondary modifications. Numerous studies have indicated that the output of salivary components is a continuous process that is amplified by stimulation of acinar cells. Consequently, secretory activities of acinar cells operate continually but can increase acutely in response to signalling. Considerable progress has been made in characterizing the major secretory pathways used by acinar cells for the export of proteins and fluid and electrolytes and in distinguishing neural mechanisms that individually regulate protein and fluid/electrolyte outputs. However, there have been only limited efforts to compare and contrast basal and stimulated secretory activities, especially with respect to cellular mechanisms and salivary content. Examination of these issues would seem to be an important goal, especially since the salivary components that are needed for constitutive maintenance of the oral cavity may be distinct, at least in part, from those that promote digestive activities.
This review of the secretory function of salivary acinar cells focuses mainly on the intracellular transport, packaging, and export of salivary proteins. It draws most heavily on insight that has been gained from the study of the rat parotid gland and of salivary proteins that have been expressed in other secretory cells by means of recombinant DNA technology. Its main goal is to distinguish the possible pathways of export, both stimulated and unstimulated, and to consider the kinds of interactions that contribute to sorting among these pathways. Although the main emphasis is protein export, some discussion is devoted to considering whether some of the pathways that are used for this purpose also might be used in support of the release of the fluid and electrolyte components of saliva.
Acinar Cells are the Primary Source of Salivary Protein and Fluids and Electrolytes
Numerous physiological studies have concluded that salivary acinar cells release the primary components of 4Crit Rev Oral Biol Med 9(1):4-22 (1998) 4
Crit Rev Oral Biol Med 9(l):4-22 (1998) saliva lsee, for example, reviews by Young et al. (1987) and Nauntofte (1992) 1. Acinar cells synthesize and secrete nearly all of the salivary proteins, and they use a complex array of ion pumps and channels at the cell surface to drive the transepithelial transport of interstitial fluid in order to provide the water and electrolyte components of secretion (Baum, 1987) . Acinar cells make up more than 80-90% of the volume of the major salivary glands (Castle et al., 1972; Young and van Lennep, 1978) . While there are some variations among mammalian species, the population of acinar cells tends to be relatively homogeneous in parotid and sublingual glands and more heterogeneous in submandibular glands. Parotid acinar cells produce mainly a group of enzymes (e.g., amylase, DNase, RNase, and peroxidase) and elongate polypeptides (e.g., proline-rich proteins, histatins). Sublingual acinar cells produce mainly mucins. Submandibular cells produce either mucins, enzymes, and elongate polypeptides similar to those in parotid glands, or selected growth factors (in mouse), proteases, and endocrine proteins (Barka, 1980; Antakly et al., 1982) , in separate cell populations. There are certain exceptions, however, where selected proteins le.g., common salivary protein 1 (Girard et al., 1993) 1 are made in all glands. The significance of such broadly produced proteins is not known at present.
The release of salivary components by acinar cells is regulated by neuronal stimuli. Acinar cells are richly innervated by both sympathetic and parasympathetic nerve fibers (reviewed in Young et al., 1987) , and typically, both types of nerve endings are present on virtually every cell (Emmelin, 1967) . Classic neurotransmitters and selected bioactive peptides (e.g., substance P) serve as the main stimuli of secretion. While there can be wide variations in the neural regulation of evoked salivary secretion, the most common pattern involves collaboration of parasympathetic and sympathetic inputs (Emmelin, 1987) . Interestingly, when studied individually, the two types of stimuli often have significantly different effects on the composition of salivary output, as exemplified by studies conducted on the rat parotid gland in vivo. Parasympathetic stimulation evokes output of saliva that has a large volume and a low protein concentration, while sympathetic stimulation has the opposite effect, causing release of saliva that has a relatively small volume and high protein concentration (Anderson et al., 1984) . At the level of acinar cells, these distinctions reflect differential activation of cell-surface receptors and intracellular signaling networks. Acetylcholine (from parasympathetic neurons) and substance P bind to cognate receptors and cause acute elevation of intracellular Ca, resulting in large-scale fluid and electrolyte transport and modest exocytosis of stored protein (Leslie and Putney, 1983; Foskett and Melvin, 1989; Petersen and Maruyama, 1989; Turner, 1993) . In contrast, norepinephrine (from sympathetic neurons) binds to both alphaand beta-adrenergic receptors on the acinar cell. Alpha receptor activation is linked to elevation of intracellular Ca, leading to more modest fluid secretion than that elicited by acetylcholine, while beta receptor activation causes elevation of intracellular cyclic AMP, which appears to be the signal that is most strongly linked to the secretion of salivary proteins that are stored in membrane-bound secretory granules (Batzri et al., 1971; Butcher and Putney, 1980; Baum, 1987) .
While it is very clear that secretion granule exocytosis is the principal pathway by which salivary proteins are released from acinar cells in response to beta-adrenergic stimulation, the pathway that is used physiologically for exporting protein upon acetylcholine stimulation is not as well-established. What's more, as considered further below, both modes of stimulated export are superimposed on the continual output of protein that is apparently independent of neuronal signaling (or at least of the classic neuronal signaling mechanisms). These pathways also require consideration.
Organization of Intracellular
Transport in Acinar Cells
Salivary acinar cells are highly polarized epithelial cells in which the site of signal input and nutrient uptake, the basolateral plasma membrane, is separated from the major site of secretion, the apical plasma membrane. The latter constitutes slightly more than 10% of the cell surface (Cope and Williams, 1973; Bloom et al., 1979) and is bordered by junctional complexes that link neighboring cells in a simple epithelium and define the luminal secretory space. Within the cytoplasm of acinar cells, most of the membrane-bound organelles are part of the intracellular transport or secretory pathway. This pathway has the classic orientation toward the apical secretory surface (Palade, 1975) , in which the extensive endoplasmic reticulum and nucleus fill the basal cytoplasm beneath a central Golgi complex and an overlying accumulation of -I -pm-diameter secretory granules. In both resting and stimulated cells, nearly all newly synthesized protein (more than 80-90%) follows the secretory pathway (Castle et al., 1972; Lillie and Han, 1973; von Zastrow and Castle, 1987) . These proteins enter the ER during translation; most are transported to the Golgi complex, where post-translational modifications are largely completed, and then are routed into forming granules, where they are condensed for storage at concentrations that exceed 300 mg/mL (Arvan et al., 1984) . Typically, more than -85% of the newly synthesized secretory proteins in rat parotid acinar cells is stored as the content of granules (von Zastrow and Castle, 1987) that collectively occupy more than one-third of the cytoplasmic volume (Bloom et al., 1979; Cope, 1983 Figure 1 . Hierarchy of sorting steps for proteins that undergo regulated s e in an acinar cell.
Step 1 is entry into the endoplasmic reticulum and is a structural signal that most frequently occurs as an N-terminal extension c thesized polypeptide. Typically, proteolytic removal of the signal sequence an ER enzyme soon ater translocation and often before synthesis of thG completed.
Step 2 is dissociation from ER-associated chaperones at ER tingent on correct folding and assembly of the itinerant protein.
Step 3 dence in the stored contents of secretory granules.
Beginning during biosynthesis, intracellular transport activities are regulated by built-in structural signals and specific intermolecular interactions (Fig. I) . The first signal-mediated interaction is used to gain entry into the ER. This process is guaranteed by a signal sequence that is encoded in each protein and binds to the signal recognition particle, a cytoplasmic complex that escorts the polypeptide to the ER membrane during translation and ensures its translocation (Walter and lohnson, 1994 (Munro and Pelham, 1987; Bergeron et al., 1994; Elrod-Erickson and Kaiser, 1996) , the dual interaction of secretory protein with chaperone and chaperone with ER retention machinery serves to withhold improperly folded/assembled proteins from further transport. Not only does this retention process act as a quality control for protein export (Hammond and Helenius, 1995) (Fig  I) The condensation process has been visualized in several studies using electron microscopy (eg, Hand, 1971; Castle et ai., 1972 Castle et ai., , 1975 , and the static images, especially in well-fixed preparations (Rambourg et al., 1988) , strongly suggest that it may be in progress in the transGolgi network or even before reaching this site. What's more, the condensation of selected salivary proteins, often in ordered arrays (eg, Tandler and MacCallum, 1972, Kousvelari et al., 1982) , suggests that this process is highly regulated through specific interactions. However, relatively little is known about the mechanisms that are involved One of the fundamental questions that have stood before the field for several years is whether the condensation process alone is sufficient to achieve sorting for regulated secretion or whether it also requires assistance from a sorting receptor that ensures that only secretory proteins (or their aggregates) gain entry to forming granules from the trans-Golgi network.
These alternative possibilities have formed the basis of two models-the active and the passive-for the final sorting process for regulated secretion. In the active model, a sorting receptor is required, and entry into forming granules is restricted to receptor-mediated traffic. In contrast, in the passive model, condensation is the primary sorting event and does not require a receptor, In this case, entry into the forming granule is not restricted to secretory proteins; however, other proteins that enter this compartment but fail to condense are progressively removed as the granule matures (reviewed in Arvan and Castle, 1992) .
While the studies that have been conducted over the past several years have not resulted in a unifying conclusion regarding the correct sorting model, they have substantially increased the interest in the passive model. In particular, the findings that have been made have brought significant new insights regarding the molecular interactions among secretory proteins that probably figure in sorting and have defined the immature secretory granule as an active sorting site. The following sections of this review mainly summarize and evaluate these studies, especially as they relate to the intracellular tiafficking, condensation, and pathways of secretion of salivary proteins. 
Interactions and Sorting of Salivary Proteins in an Endocrine Test System
Molecular analysis of the mechanisms of intracellular transport and sorting of salivary proteins has required selection of a protein that follows the regulated secretory pathway and an experimental cell type where regulated secretion is readily studied Proline-rich proteins (PRPs) are a family of proteins that are unique products of salivary glands They are produced widely among animal species but are especially prominent in humans, where they routinely comprise more than two-thirds of the parotid secretory content (Azen and Oppenheim, 1973; Muenzeret ci., 1979b; Bennick, 1982) . PRPs are efficiently stored for regulated secretion in parotid acinar cells, even after their production is greatly amplified by chronic administration of isoproterenol in rodents (Arvan and Castle, 1986) . Several structural features (summarized in Fig. 2 ) suggest that they might be advantageous for analysis of the sorting process at the molecular level. First, they all have a relatively simple primary structure that is divisible into four domains: an N-terminal signal sequence; a short segment (-20 amino acids) known as the transition region (Clements et al., 1985) ; an extended proline-rich region consisting of repeating cassettes of [14] [15] [16] [17] [18] [19] (Kousvelari et al., 1983; Castle et al., 1992) , providing an invaluable handle for following intracellular transport (particularly exit from the ER) experimentally. Finally, obtaining cDNAs for mutation and transfection studies was facilitated by extensive knowledge of primary sequence from the work of other investigators (Ann and Carlson, 1985; Ann et al., 1987) .
The mouse pituitary cell line AtT-20 has been used as an experimental system for studying the process of intracellular transport and sorting of PRPs through the use of cDNA transfection and expression. cells produce and store ACTH and 3-endorphin, and a wide variety of exogenous secretory proteins (including exocrine pancreatic trypsinogen) is stored together with the endogenous products when expressed from cognate cDNAs (e.g., Burgess et al., 1985 Burgess et al., , 1987 Fennewald et al., 1988; Seethaler et al., 1991) . As indicated by the following discussion, this approach has proven to be very useful and has provided some surprising insights regarding the interactions and sorting of PRPs. However, it has also become clear that there may be significant limitations to studying these properties out of the context of the native cell type.
INTERACTIONS IN THE ENDOPLASMIC RETICULUM
Analyses of the processing of N-linked oligosaccharides and of the rates of unstimulated secretion, respectively, have served as direct and indirect measures of the rates of protein export from the ER Castle and Castle, 1993) . As discussed above, the rates of ER exit reflect folding and assembly of polypeptides into functional units. In the initial studies of PRPs expressed in AtT-20 cells, the ER exit rates of basic and acidic family members were found to be much slower than that of endogenous hormone. Interestingly, however, these rates increased progressively with increased levels of expression, raising the possibility that transport from the ER might be a cooperative process for the PRPs ; see Table 1 ). This kind of behavior had been observed previously for the hemagglutinin protein of influenza, which obligatorily trimerizes before exiting the ER (Copeland et al., l988) , and it suggested that PRP molecules similarly might self-associate to promote transport. Deletion of the C-terminal region of the basic PRP (PRPAC) did not affect ER exit kinetics or its dependence on the level of expression. However, if the transition region was deleted (PRPAT), ER exit was severely impeded and did not improve when the level of expression was increased. This result suggested that the transition region might promote an intermolecular association process . Strong support for this possibility has been gained from experiments in which PRPAT was co-expressed with either the full-length basic PRP or acidic PRP (referred to as PRPg to signify its posttranslational modification by glycosaminoglycan addition). When PPRPAT was expressed with full-length basic PRP, the ER exit of the deletion mutant was restored to the same rate as that of the full-length protein. However, when expressed with the acidic PRPg, PRPAT was exported more rapidly than the full-length protein, and this effect required only catalytic amounts of the PRPg (Castle et al., unpublished observations) . The results of the co-expression studies have several implications. First, the mutant and full-length polypeptides likely interact with each other. Second, a transition region is needed on only one of the polypeptides, and the two types of transition regions are interchangeable. Third, the acidic PRP/PRPAT complexes that are formed in the ER are not stoichiometric.
ER exit of PRP and PRPAT could also be accelerated in another way by engineering the hexapeptide prosequence of proparathyroid hormone at the N-terminus of either polypeptide. Under these conditions, exit proceeded at its maximum rate no matter what the level of expression (Stahl et al., 1996) . Apparently, the attachment of this short basic peptide, which does not accelerate ER exit of native proparathyroid hormone (Wiren et al., 1988) or other chimeric polypeptides (Castle et al., 1995) , effectively bypasses ER retention for PRPs. A similar acceleration in transport has been obtained with other small propeptides, and it may involve a specialized sequence-dependent mechanism (Mains et al., 1995; Stahl et a!., 1996) . It is unclear whether the modified PRPs no longer need to form macromolecular assemblies before leaving the ER or, conversely, form assemblies with high efficiency.
Certain issues regarding the interactions of PRPs in the ER still remain to be examined. First, there is no insight as to which ER chaperonins (resident proteins that function in folding and assembly) interact with PRPs and cause their ER exit to be slower than that of endogenous hormone in AtT-20 cells. Interactions of PRPs with either Bip or calnexin have not been detected in conditions of co-immunoprecipitation that have been successful for demonstrating the binding of chaperonins to other itinerant proteins in the ER lumen (Hammond and Helenius, 1994; Kim and Arvan, 1995) . While no interactions of the cysteineless PRPs with protein disulfide isomerase are expected, possible interactions of the proline-rich repeats with prolyl isomerase remain to be explored. Second, the molecular complexes containing PRPs have not been characterized. While the expression studies indirectly implicate the proline-rich repeats as participants in intermolecular associa tion (by illustrating the irrelevance of the C-terminal domain and implicating a catalytic assembly function for the N-terminal domain), the nature of such interactions has not been explored.
The findings that have been made regarding interactions of PRPs within the ER of AtT-20 cells set the stage for analogous studies in native salivary acinar cells and also identify other potential interactions that could be explored in the test system. Rat parotid secretion normally contains low and similar levels of acidic and basic PRPs (lohnson and Kalu, 1988; Blair et al., 199 1) . However, chronic administration of isoproterenol dramatically increases the relative amount of basic PRPs at the same time that it increases overall expression of PRPs (Muenzer et al., 1979b; Blair et al., 1991) . We would predict, based on the studies in (Schlesinger and Hay, 1977; Oppenheim et al., 1988) . Possible interactions among any of these proteins could be explored in AtT-20 cells and potentially in acinar cells as well. Finally, a key benefit of ER quality control is that it promotes and ensures the assembly of many proteins into functional units (Corless et al., 1987; Hendershot et al., 1987; Copeland et al., 1988; Klausner et al., 1990) . Castle et al. (1992) and Castle and Castle (1993) and are reproduced from Stahl et al. (1996) with permission from the Journal of Cell Science. Co-expression studies are from Castle and Castle (manuscript in preparationl.
b LOE represents level of expression of PRP-related polypeptides. It was calculated as the total amount of [3H]proline-labeled PRP-related polypeptide synthesized during a 15-hour labeling (sum of medium plus cell lysate) and has been corrected for the number of proline residues in each molecule and the total trichloroacetic acid precipitable counts in each sample. All values are normalized to the lowest-expressing clone (PROPTH-PRP), where the value is set at 1 .0. c t12ER is the half-time of exit of PRP-related polypeptides from the ER. It is calculated from endoglycosidase H digests of radiolabeled immunoprecipitates of PRP-related polypeptides as described in Castle et al. (1992) and Stahl et al. (1996) .
d The hlf-times given are t12ll, the half-time of exit of PRP-related polypeptides from the cell in the absence of secretagogue stimulation. As discussed previously Castle and Castle, 1993) , it has been calculated from the percent radiolabeled PRP-related polypeptide as a function of time after biosynthetic labeling. It closely parallels t1/2 ER and serves as a good approximation for t1/2ER for polypeptides that lack N-linked oligosaccharides.
Consequently, efforts to characterize the interactions of salivary proteins at this level may provide new insight regarding the organization of salivary protein complexes that serve as functional units in the oral cavity. Certainly, the analysis of such complexes prior to their cellular export could prove to be far less complicated than after their entry into the oral cavity.
SORTING AND PACKAGING OF SALIVARY PROTEINS IN GRANULES
In the AtT-20 cell system, the evaluation of sorting for regulated secretion has involved two types of studies. The first and most frequently used assay tests for stimulus-dependent secretion of newly synthesized protein in parallel with the endogenous secretory products. When expressed in AtT-20 cells, both basic and acidic PRPs were present in the endocrine storage granules; however, the fraction of the total that underwent stimulus-dependent secretion was always substantially lower than for the endogenous hormone ACTH Castle and Castle, 1993; see Table 2 ). Even though the fraction stored was low, it was clear that deletion of the short C-terminal segment of the basic PRP had no effect on its sorting . Thus, this region was unlikely to figure in the sorting process. In contrast, deletion of the transition region of the basic PRP abolished storage ( The studies that used PRPAT with rapid ER exit kinetics (achieved by either attachment of the PTH propeptide or co-expression with acidic PRPs) gave further insight regarding the prospective sorting mechanism for regulated secretion. When expression of PRPAT was increased above a certain level in AtT-20 cells, the extent of storage jumped incrementally, suggesting that storage in granules is facilitated by increased concentration of secretory protein (Stahl et al., 1996; see Table 2 ).
This observation is consistent with a mechanism involving associations among PRPs themselves or of PRPs with other stored secretory products. The involvement of these kinds of interactions in sorting for regulated secretion is more compatible with a passive than with an active (receptor-mediated) sorting mechanism.
Even though the efforts to dissect the basic PRP into linear segments provided significant and unexpected insight into how this salivary protein might be sorted, it is difficult to overlook the fact that even under the most favor- . However, when rapid ER exit of this deletion mutant was restored by means of the PTH propeptide, it became clear that the transition region was not needed for storage in granules to be achieved (Stahl et al., 1996; see 1994). This apparent absence of amylase in the regulated secretory pathway is not a consequence of its exclusion from forming granules, as originally suggested. Rather, more recent studies that used biosynthetic labeling and stimulation of secretion as well as immunocytochemical localization have shown that the entry of amylase into the forming endocrine granules is not limited. Instead, upon reaching this site, amylase is poorly retained and is progressively excluded during granule maturation. Parallel examination of PRPs shows that their behavior is the same as that for amylase (Castle et al., 1997; see Table 3 ). In general terms, these findings provide clear support for the operation of a passive mechanism in the sorting of proteins for regulated secretion. At the same time, however, they also indicate that the AtT-20 test system has limitations when the sorting of exogenous secretory proteins is analyzed. These limitations may apply to both exocrine and endocrine proteins that are not normally produced in pituitary corticotrophs. Consequently, the sorting of salivary proteins ultimately needs to be examined in salivary acinar cells.
Protein Interactions and Secretory Sorting in Acinar Cells
Nearly all studies that bear on the mechanisms of secretory sorting in native salivary acinar cells have used experimental approaches different from those discussed for the expression of individual salivary proteins in AtT-20 cells. Evidently, highly differentiated acinar cells devote a much larger fraction of their total protein synthetic capacity to producing proteins for export than does the endocrine cell line, and individual acinar cells produce a diverse range of major secretory products. There , and that these rates are in the same range as those determined in other exocrine cell types (Rohr and Keim, 1984; Arvan and Castle, 1987) . While there is evidence that exocrine proteins (including salivary proteins) can aggregate massively within ER cisternae if export from the ER is inhibited (Palade, 1956; Muller and Roomans, 1984) , these associations are nonphysiologic and mostly include misfolded proteins with associated chaperonins (Tooze et al., 1989) .
More is known about several factors that are likely to play a role in the sorting of salivary proteins for storage in granules. Based on the apparent unrestricted access of amylase and PRP to the forming storage granules of cells (Castle et al., 1997) , it is likely that the access to forming storage granules in acinar cells is also unrestricted. Thus, the major determinants of sorting for regulated secretion are likely to be the same as the determinants that govern the condensation and stabilized interaction of the secretory proteins within the granule interior. Among these determinants are internal pH, ion content, post-translational modifications, and association with granule membranes.
Studies of PRP and amylase in AtT-20 cells suggest that interactions among salivary proteins that relate to sorting by condensation are unlikely to be governed by some common sequence module. Indeed, PRPs do not closely resemble other salivary proteins, and it is quite probable that the diverse proteins making up the granule content interact with each other in a variety of ways. As well, some proteins may interact better with certain proteins than with others. Several morphological observations of non-homogeneous packaging of salivary proteins within the content of secretion granules (Tandler and MacCallum, 1972; Kousvelari et al., 1982) (Moore et al., 1983a; Orci et al., 1986) . Inspired by model studies that used chymotrypsinogen and chondroitin sulfate (Reggio and Dagorn, 1978) , an increasing number of more recent studies has demonstrated that pH reversibly regulates aggregation of the cohort of exocrine pancreatic zymogens with mild acid-promoting aggregation and mild base-promoting dissociation (e.g., Leblond et al., 1993; Colomer et al., 1996) . Similarly, acidic pH is also known to promote aggregation of secretogranins, major proteins of most endocrine secretion granules (Chanat and Huttner, 1991) . Intracellularly, pHdriven aggregation has been thought to be linked to the progressive acidification of the intragranular space that occurs as secretion granules mature (Anderson and Orci, 1988) . Notably, however, parotid (and potentially other salivary) secretion granules are an apparent exception to this generalization. The internal pH of normal rat parotid granules is only slightly acidic relative to the surrounding cytoplasm (Arvan et al., 1984) , whereas the internal pH of parotid granules that have been induced to store large quantities of basic PRPs (by isoproterenol injection) is slightly alkaline (Arvan and Castle, 1986 ). What's more, it has been shown that normal parotid secretion granules become progressively less acidic as they mature (Orci et al., 1987) . Also, we have found that the aggregation of basic PRP is favored at slightly alkaline rather than acidic pH, and this may be one factor that reduces prospective storage of the PRP in the acidic AtT-20 granules (Castle et al., 
unpublished observations).
Although the properties of parotid granules and selected salivary proteins might suggest that acidic pH is not a factor in promoting sorting and storage of salivary proteins, it is likely that acidification plays an indirect role in packaging. When parotid acini are exposed to low concentrations of a membrane-permeant weak base, unstimulated secretion of newly synthesized salivary proteins increases (von Zastrow et al., 1989) . In that study, it was possible to demonstrate that the weak base did not interfere with the delivery of proteins to secretion granules but instead affected the ability to condense and retain the proteins in storage. These observations support the view that the weak base inhibits an acidificationdriven removal of other ions that necessarily accompanies condensation (Arvan and Castle, 1986 ).
Ions and Sorting
Certainly a very important feature in promoting the storage of salivary proteins at concentrations that are at least 10-20-fold higher than in the endoplasmic reticulum (Salpeter and Farquhar, 1981; Kelly, 1985) must be the removal of the counter-ions and water that accompany the proteins during early intracellular transport. Experimental support for the operation of these processes during granule maturation is provided by observations that the buoyant density or mass of parotid secretion granules increases as the granules mature (e.g., von Zastrow and Izutsu et al., 1991) , and that granule membranes are permeated by various ions and also behave as osmometers (e.g., Arvan et al., 1984; Goddard et al., 1988) . More significantly, a study by Wong et al. (1991) clearly shows that maturation in situ is accompanied by removal of Na+, K+, and Cl-. There is little additional information about how these processes are regulated.
In contrast to the removal of monovalent ions during condensation, divalent cations, particularly Ca2+, are retained during intracellular transport, and the levels do not seem to vary during granule maturation (Wong et al., 1991) . There are several indications that Ca2+ aids the packaging process at least in certain cell types (Chanat and Huttner, 1991; Carnell and Moore, 1994) . Internal levels of Ca2+ have been estimated to be as much as 10 mM in parotid granules (Wallach and Schramm, 1971) , and the majority seems to be loosely bound and readily exchangeable (Flashner and Schramm, 1977) . Di-and multivalent cations are well-known to serve as electrostatic 'bridges' between negatively charged macromolecules, especially proteoglycan-containing gels (see Parpura and Fernandez, 1996 , and references therein), and the facilitation of aggregation of mucins in exocrine cells and chromogranins in endocrine cells by Ca2+ (Verdugo et al., 1987; Chanat and Huttner, 1991) may reflect this role.
Post-translational Modifications in Sorting
Post-translational modificatons are well-known participants in post-Golgi sorting events. Addition of mannose-6-phosphate residues to N-linked oligosaccharides provides an essential sorting signal for many lysosomal hydrolase precursors (Kornfeld and Mellman, 1989) , while proteolytic processing of prohormones promotes efficient packaging and storage in secretion granules (e.g., Carroll et al., 1988 Sulfated macromolecules are widely distributed products of regulated secretory cells and received early attention as macromolecules that might promote the storage of proteins and biogenic amines through electrostatic interactions (Berg and Austin, 1976; Reggio and Palade, 1978; Uvnas and Aborg, 1983) . Subsequently, different types of studies have provided findings that are consistent with this notion; however, it is striking that among these systems there is no generic sulfated molecule but instead a variety of different precursors that undergo sulfation in potential relation to the storage process. For example, in mast cells, the principal sulfated macromolecule is heparin sulfate proteoglycan, and its role in stabilizing high concentrations of histamine and in effecting release of the biogenic amine by ion exchange has now been demonstrated (Parpura and Fernandez, 1996) . Interestingly, a keratan sulfate containing integral membrane protein known as SV2 (Scranton et al., 1993) has been proposed to have a similar role for classic neurotransmitters. In the case of the exocrine pancreas, a membrane-associated peripheral glycoprotein is one of the main sulfated species, and it has been proposed to serve a role in stabilizing interactions between the stored granule content and the zymogen granule membrane (DeLisle, 1994 (DeLisle, , 1995 .
Among the salivary products of rat parotid acinar cells, the presence of chondroitin sulfate was originally reported by Iversen et al. (1987) . Subsequently, it was shown to be attached to an acidic proline-rich protein backbone (PRPg), and this proline-rich proteoglycan was shown to be the major sulfated secretory product (Blair et al., 1991; Castle and Castle, 1993) . While sulfation mainly occurs as one of the latest post-translational modifications in the Golgi, two different studies suggested that it continues during the process of granule maturation. First, microprobe analysis performed on cryosections of parotid tissue has shown that the sulfate content of granules increases as the granules increase in electron density during maturation (Wong et al., 1991) . Second, incorporation of sulfate into the content of isolated immature secretion granules was demonstrated in vitro (Blair et al., 1991) . A further correlation between sulfation and the storage of secretory proteins in parotid has been obtained by the demonstration that sulfation of PRPg increases dramatically when rats are induced to produce large amounts of basic PRPs by chronic isoproterenol treatment (Blair et al., 1991) . Sulfation has been thought to decrease the substantial fixed positive charge contributed by the basic PRPs and consequently to reduce the osmotic activity of the condensing granule contents (Arvan and Castle, 1986) .
With the cloning of the acidic PRPs and the demonstration that they are the substrates for glycosaminoglycan addition , it has become possible to take a further step in examining the relationship of sulfation to the presence of basic secretory proteins and their storage in granules. With the pituitary AtT-20 cell as a test system, PRPg and basic PRP have been co-expressed in the same cells at different ratios to one another. Progressive increases in the level of basic PRP expressed result in progressive increases in the amount of sulfate that is incorporated into the glycosaminoglycan attached to PRPg. Notably, the sulfation of an endogenous chondroitin sulfate proteoglycan produced by the AtT-20 cells (Moore et al., 1983b) was also increased by a high level of expression of the basic PRP. However, the presence of PRPg and its sulfation did not measurably improve the storage of the basic PRP for regulated secretion in AtT-20 cells (Castle and Castle, manuscript in preparation) . Thus, while sulfation may be a contributing factor in improving the storage of at least some secretory products, particularly in the native cell type, these findings argue that it is not a universal determinant in the condensation process. All things considered, the available evidence suggests that the sorting and condensation of proteins for regulated secretion are the result of a complex variety of interactions that are both cell-type-and protein-specific and are best studied in the native context.
Membrane Interactions in Sorting
While much of the preceding discussion has focused on interactions among secretory proteins, growing evidence suggests that interactions of secretory proteins with granule membranes may figure in determining the composition of the granule compartment and thus contribute to sorting. So far, there is no uniform picture of the mechanism by which secretory proteins are anchored to the membranes of forming granules. In pancreatic acinar cells, at least two different anchoring mechanisms have been suggested. First, several investigators have shown that the glycophosphatidylinositol-linked membrane protein GP-2 forms complexes with pancreatic zymogens. These complexes are stable in mildly acidic media that mimic the granule interior but not in alkaline media that mimic ductal fluid (Leblond et al., 1993; Colomer et al., 1996) . Second, DeLisle (1994) has identified and characterized an extrinsic sulfated glycoprotein that is concentrated at the periphery of the granule content and may contribute to zymogen anchoring. Interestingly, a small amount of amylase remains associated with the zymogen granule membrane following exocytosis and is re-internalized. It has been proposed to contribute to building membrane-content interactions during the subsequent round of granule formation (Romagnoli and Herzog, 1987) . Other examples where subpopulations of secretory proteins are tenaciously bound to storage granule membranes include chromogranin B in neuroendocrine cells (Pimplikar and Huttner, 1992) and PRPs in parotid acinar cells (Castle et al., 1975; Robinovitch et al., 1975; Wallach et al., 1975; Castle and Palade, 1978) . So far, the mechanism by which PRPs are anchored to the membranes has not been identified. The first peaks between 1 and 1.5 hrs, and the second, whicf is more prolonged, peaks at -10 hrs. During the final period of incubation secretagogue is added to stimulate discharge of stored secretory proteins Stimulation is shown after 24 hrs in this example but was frequently con ducted after a much shorter period of chase incubation (as in B). The curv( summarizes findings presented in von Zastrov and . (B) Sample fluorograph illustrating the pattern of secre tion of 35S-labeled parotid proteins. Tke symbols identify amylase ( ), 32 I, polypeptide (A), 25 K parotid secretory protein ( ), and 22 K common sali vary protein 1 (A). In this example, the incubation medium was changed a 0.5-hour intervals, and isoproterenol (10 1.M) was added at 3.5 hrs to stim ulate granule exocytosis. Panel B is from von Zastrow and an( is reprinted with permission from the Journal of Cell Biology.
teins and granule membranes. CPE is a widely distributed protease that functions downstream of prohormone convertases to remove basic amino acids in the sequence of steps needed to generate mature hormones. CPE exhibits acid-dependent binding to granule membranes (Fricker et a)t, 1990) , where it also forms complex- es with other processing enzymes (Palmer and Christie, 1992) . A recent report demonstrating binding of CPE to a putative sorting signal of the ACTH precursor has led to the suggestion that it may function as a sorting receptor (Cool et al., 1997) Pathways of Unstimulated Secretion
As has been considered in detail in the preceding sections, the main issue of sorting of secretory proteins in cells with a regulated secretory pathway is whether the proteins efficiently condense in the forming and maturing granule. While acinar cells store an impressive 85% of newly synthesized protein, the remainder is released from the cell without storage. It is clearly of interest in the overall sorting process that we examine the pathways that are followed by the other 15% and compare its composition with that of what is stored. Previous investigators have explored these issues with significant insight by analyzing the secretion from lobules of acinar tissue (pancreatic and parotid) that have been pulse-labeled with radioactive amino acid and then subjected to chase incubation for extended periods of time (Arvan and Castle, 1987; von Zastrow and Castle, 1987) . By characterizing the secretion that is collected at regular intervals in the absence of stimulation, they observed that release of the labeled proteins takes place in phases. With the salivary system as an example (Fig.  3) , the discharge of newly synthesized proteins can be seen to begin around 40 min post-pulse and peaks between 60 and 90 min Initially, this phase contains a few distinct (mostly higher molecular weight) proteins whose release is not detected at later times. However, the composition rapidly becomes enriched in the same proteins that are stored in granules, although the relative compositions of these components differ from that of what is stored in granules (von Zastrow and Castle, 1987; von Zastrow et al., 1989) . Parallel radioautographic studies of the labeled tissue show that the peak of the first phase of secretion occurs after most of the newly synthesized proteins have reached immature granules (von Zastrow and Castle, 1987) . Following the first phase, a second phase of increased secretion of labeled t secretory proteins occurs, but this time the relative composition is highly similar to that released when massive granule exocytosis is stimulated (Fig. 3) . This second phase is very broad, with a very long calculated half-time (Arvan and Castle, 1987) .
The information obtained by the kinetic analysis of secretion has been interpreted as indicating that there are at least three pathways of unstimulated secretion in parotid acinar cells (Fig. 4) . Discharge by the first pathway is detected only during the onset of the first phase Its timing resembles that of constitutive secretion in other cell types (Lodish et al., 1983; Moore et al, 1983a) , and its composition emphasizes non-granule proteins, suggesting that its origin may be directly Unstii from the trans-Golgi network. Since acinar cells are epithelial and have distinct apical and basolateral surfaces, it is possible that pathway I is subdivided into two routes, as indicated in the Fig. The second pathway is used to discharge most of the proteins that make up the first phase of secretion, and its timing suggests that it is closely coordinated with granule maturation. The second pathway has been termed the constitutive-like pathway, to distinguish it from the constitutive pathway, which carries non-granule proteins, and from unstimulated exocytosis of newly formed granules, for which the relative composition of secretory proteins would differ. The constitutive-like pathway is thought to originate by budding from maturing granules and to export proteins that fail to condense with the granule content. The general evidence for this type of pathway in regulated secretory cells has grown substantially over the past several years. Not only is it the likely route taken by salivary and other suboptimally stored proteins in (Grimes and Kelly, 1992; Castle et al., 1997 ; see above), but almost certainly, it is the pathway that preferentially exports C-peptide after the processing of pro-insulin in the immature granules of endocrine pancre- Figure 4 . Path, atic B-cells (Arvan et al., 1991, Kuliawat thought to corre work. The fracti and . The third and slowest surface has not pathway supports the second phase of pathway that is unstimulated secretion, and its compo-condensed secr sition suggests that it corresponds to phase of secret unstimulated exocytosis of granules granules and cc Notably, neither the kinetics nor the amount and pattern of unstimulated secretion are altered by the presence of adrenergic or cholinergic antagonists (von Zastrow and Castle, 1987) . Consequently, the ongoing operation of these pathways is not the result of lowlevel stimulation stemming from the release of endogenous neurotransmitters in the tissue samples. Given the multiplicity of unstimulated protein export pathways that have been identified, an obvious question is, What are their functions? Since the cargo of the first pathway seems to differ from that of the other two, it is possible that its key role may be the continuous output ways of unstimulated secretion in salivary acinar cells. Pathway 1 is espond to constitutive secretion and to originate from the trans-Golgi netion of this pathway that is directed to the apical vs. the basolateral cell been established. Pathway 2 is the constitutive-like pathway, a vesicular thought to arise from maturing secretion granules and to carry poorly etory proteins as cargo. Pathways 1 and 2 together make up the first ion shown in Fig. 3 . Pathway 3 is unstimulated exocytosis of secretory )rresponds to the second phase of secretion in Fig. 3 . of a set of proteins that are distinct from those stored in granules. These proteins may serve some constitutive role in the physiology of the oral cavity or the gland itself. While it is likely that these proteins are acinar cell products, it is important to point out that neither the cellular origin nor the epithelial surface of delivery has been examined.
In the case of the s. cond, constitutive-like pathway, the significance of a route for secretory proteins that, in the steady state, operates in parallel with unstimulated exocytosis of storage granules (pathway 3 in Fig. 4 During the 240-280-minute interval in B, pilocarpine (0.1 mM) was added and caused increased release of radioactive proteins in the same relative amounts as in the peak of unstimulated constitutive-like secretion at 80 min. Granule exocytosis was stimulated during the final time interval with isoproterenol (10 mM). Panel C demonstrates that the low dose of pilocarpine increased the secretion of amylase enzyme activity by 1-1.5%. Low doses of isoproterenol cause a secretory response that is very similar to that shown for pilocarpine. This Fig. is taken from Castle and Castle (1996) and is reproduced with permission from the Journal of Cell Science. Specifically, Kuliawat and Arvan (1994) have provided clear evidence in pancreatic B-cells that the delivery of lysosomal hydrolase precursors to pre-lysosomes proceeds through immature granules, Conceivably, secretory proteins traveling within the vesicles that deliver the hydrolase precursors might get diverted to the cell surface via recycling endosomes rather than follow the full route to lysosomes. The prospect that such a pathway applies to acinar cells should be considered, especially since lysosomal proteases are present at low levels in forming exocrine secretory granules (Saluja et al., 1987) . A second possible role of the constitutive-like pathway is that it serves as a route for the delivery of membrane proteins to the apical cell surface Earlier studies of the biosynthesis and trafficking of a newly synthesized membrane glycoprotein, GP-2, indicate that it is transported to the apical surfaces of pancreatic acinar cells by a route that does not depend on granule exocytosis (Havinga et al, 1983) . Since CP-2 resides in both granule membranes and the apical plasma membrane, the constitutive-like pathway seems to be a likely delivery route. Presumably, the role of the third pathway (exocytosis of storage granules) is to support a constitutive requirement for low levels of salivary proteins in the oral cavity. It should be emphasized that both pathways 2 and 3 are unaffected by the combined presence of atropine, phentolamine, and propranolol which effectively inhibits both cholinergic and adrenergic inputs to salivary acinar cells (von Zastrow and Castle, 1987 (Anderson et cil, 1984) . These differences of b-adrenergic appeared similar to those that had been way that is shov observed in unstimulated, constitutive-pilocarpine anc like secretion (von Zastrow and Castle, sis. Further anc 1987; pathway 2, Fig. 4 ). This suggested (1996) .
the possibility that parasympathetic stimulation might activate a second regulated pathway for protein output that was related to the constitutivelike pathway. Using pulse-chase biosynthetic labeling followed at various times by stimulation with low doses of pilocarpine, we observed increased discharge of newly synthesized proteins having exactly the same relative composition as found in constitutive-like secretion (Fig.  5) . Identical results were obtained by stimulation with isoproterenol at concentrations (< 5 nM) that are below those required to stimulate granule exocytosis While its contribution to total amylase output is about 20 times lower than for the major regulated pathway, it is nevertheless significant, in that 10% of newly synthesized amylase can be released by continuous low-dose stimulation with either agonist . What are the carriers for this new minor regulated pathway, and what is its significance? These issues will require further investigation While the composition of secretion released by the minor regulated pathway corresponds closely to that observed in constitutive-like secretion, it is doubtful that the former merely reflects Crit Rev Oral Biol Med acceleration of the latter. Indeed, the minor regulated pathway exhibits the characteristics of a storage pool of secretory proteins, in that it can be effectively stimulated 4-5 hrs after the first phase peak of constitutive-like secretion. However, both the constitutive-like and minor regulated pathways are coupled to granule maturation and thus draw on the same pool of proteins for export Fig. 6) .
Interestingly, the discovery of a second stimulated pathway of secretion in acinar cells may reflect a general trend that regulated secretory cells have more than one regulated secretory pathway. Indeed, neurons have long been known to have two regulated secretory pathways for classic neurotransmitters and peptides, respectively (Lundberg and Hokfelt, 1983; reviewed in DeCamilli and Navone, 1987) , and more recently, evidence has been presented for multiple regulated pathways in neuroendocrine cells (Bauerfiend et al., 1993) , endocrine pancreatic B-cells (Reetz et al., 1991) , and polymorphonuclear leukocytes (Sengelov et al., 1994) . The lesson learned so far from these cell types is that the two pathways have distinct secretory functions, and the same may apply to parotid acinar cells. Consequently, it may be worthwhile to consider the possibility that the function of the minor regulated pathway may relate more to fluid secretion than to protein secretion. While the major components of water and electrolyte release are considered to be largely independent of protein secretion, a minor component is almost certainly needed to aid the mobilization of salivary proteins that are stored in intensely concentrated form in the secretory granules. This requirement may underlie the capacity to mobilize the minor regulated pathway by both protein and fluid secretory stimuli. If so, the significant role of the vesicular carriers of the minor regulated pathway may be to relocate either selected transporters/channels or regulatory machinery for fluid secretory events to the apical cell surface, and any secretory contents may prove to be only vesicular cargo.
Concluding Remarks
Evidently, salivary secretion is a highly complex process requiring the coordinated efforts of multiple distinct glands. The bulk of the secretory products are produced in acinar cells. While acinar cells of the parotid gland have received the most attention to date, analogous molecular interactions and sorting events are almost certainly occurring in the other related cell types. Even though it might be argued that there is little need for the sorting of salivary proteins per se, because the cells devote most of their biosynthetic and transport activities to the production of secretory granules, the continued study of the interactions of salivary proteins at different levels of intracellular transport remains quite important. Indeed, the developing picture from other secretory systems is that interactions that are ultimately essential for function are often set up before exit from the cell. The reduced complexity of the intracellular transport pathway as compared with the oral cavity potentially provides an environment where such interactions can be examined selectively.
From experiences that are discussed in this review, however, it seems important to emphasize that a necessary goal of such studies is that they be conducted in the native cell type. Finally, the analysis of the kinetics of discharge of newly synthesized proteins has proven to be invaluable in the identification of multiple secretory pathways in the salivary acinar cell. However, there is still much to be learned regarding how these various pathways all contribute to the principal secretory processes of releasing salivary proteins, fluid, and electrolytes.
